Bacteria possess ensembles of transcriptionally regulated genes, commonly called stress or shock response systems, that enable them to adapt very rapidly to changes in the chemical or physical aspects of their environment, including water activity (osmolarity), pH, temperature, and oxygen concentration (65) . Adaptation to most, if not all, environmental shifts generally involves two stages: a transient or acute phase (shock response) that consists of rapid responses needed to initiate the adaptation to the new conditions, and a continuous or chronic phase (stress response) that consists of responses that are needed to support exponential growth, possibly at a new growth rate, in the altered environment.
To adapt to a reduction in external water activity, cells accumulate low-molecular-weight solutes to maintain the proper intracellular osmotic balance. Major osmoregulatory solutes in Enterobacteriaceae in minimal medium are K ϩ , glutamate, and trehalose (12) . It has been proposed that the increased concentration of cytoplasmic K ϩ is the central regulatory signal that turns on most of the other osmotically controlled responses (22, 56) . A class of compounds called osmoprotectants can be accumulated to high concentrations inside the cells by transport from the medium and thereby can alleviate the inhibitory effects of osmotic stress (66) . These include glycine betaine (GB), proline, and about a dozen other structurally related zwitterionic molecules (17) , of which GB is one of the most potent. Osmoprotectants can mitigate the adverse effects of high osmolarity by increasing the free water content of the cytoplasm (12) , and they may also increase the stability of macromolecules in solutions of low water activity (2, 34) . In Enterobacteriaceae, the accumulation of K ϩ , glutamate, and trehalose is suppressed by GB and to a lesser extent by proline, if these are present in the medium (12, 56) .
The response of bacteria to high temperature has often been studied by applying a short temperature upshift and thus is called the heat shock response (3, 45) . Although originally defined as a reaction to elevated temperature, this response is also used in other adverse conditions that lead to the accumulation of unfolded and damaged proteins, such as exposure to harmful chemicals (antibiotics, solvents) or overproduction of endogenous and recombinant proteins (65) . In Escherichia coli, the heat shock response consists of the induction of more than 20 different heat shock proteins (HSPs) (29, 54) , the majority of which are either molecular chaperones that assist the refolding of denatured proteins or proteases that degrade misfolded and abnormal proteins (16, 65, 67) .
Exposure of cells to one type of stress can also condition them against other, seemingly unrelated, stresses. For example, when bacteria are challenged with high osmolarity, they acquire increased resistance to high temperature and oxidative stresses (10, 24, 32, 57) . The high-osmolarity-dependent increase in thermotolerance has two manifestations: elevation of the upper limit of the growth temperature and enhanced survival at otherwise lethal high temperatures (24, 32, 57) . Although osmoprotectants can confer a striking growth rate improvement at high osmolarity, they can have adverse consequences for other aspects of cell physiology (25) . GB blocks the high-osmolarity-dependent acquisition of increased resistance against high temperature and H 2 O 2 in Salmonella enterica serovar Typhimurium (24, 25) , S. enterica serovar Enteritidis, E. coli K-12, and E coli O157:H7 (L. N. Csonka, unpublished data).
Traditionally, various forms of high-temperature treatment have been effective, inexpensive means of food preparation and preservation. Treatment with high concentrations of salt or sugar is another widely used practice of food preservation (66) . Therefore, the mechanism of osmotic regulation of thermotolerance is an important concern for food microbiology. In order to probe transcriptional changes in bacteria subjected to prolonged osmotic and heat stresses and to evaluate the crossregulation of these stress responses, we determined the global transcriptome of E. coli K-12 during exponential growth at two different temperatures (30 and 43°C) and at low and moderately high osmolarities (0.0 and 0.3 M NaCl). Because GB reduces the accumulation of K ϩ in media of high osmolarity (12, 56) , we determined the effect of this osmoprotectant on the transcriptome in order to test the hypothesis that K ϩ is the regulatory signal for all other osmotically controlled responses (22, 56) .
MATERIALS AND METHODS
Bacterial growth. E. coli K-12 strain NCM3722 was used for all experiments. This strain is a prototroph that comes as close as possible to reconstructing the ancestral wild-type E. coli K-12 strain (51). NCM3722 has been successfully used previously in microarray studies (30, 31, 51) , and with the exception of the fnr region (b1332 to b1344), galactitol operon (b2096 to b2090), and flagellar genes, it shows a gene expression profile similar to that of the sequenced MG1655 strain (51) . Cultures were grown with aeration at the indicated temperatures in K medium containing 10 or 20 mM glucose. This medium has an osmotic strength of 0.15 osmol/kg H 2 O (4). Osmotic stress was imposed by increasing the osmolarity of the medium to 0.64 osmol/kg H 2 O by 0.3 M NaCl (4) . Because E. coli is a methionine auxotroph above 42°C (46), K medium was supplemented with 0.5 mM methionine. For the isolation of RNA, cells from single colonies on LB agar were inoculated into 1 ml liquid LB and grown to saturation at 37°C. Fifty microliters was then inoculated into 5 ml of K medium-0.5 mM methionine-10 mM glucose or this medium containing 0.3 M NaCl with or without 1 mM GB. The cultures were grown to saturation at 30°C and 43°C and then subcultured at a 1:8 dilution into 16 ml of the same medium and incubated at the same temperatures, respectively, as before. After one doubling (ϳ1 h), exponentially growing cells from these cultures were inoculated to a target optical density at 600 nm (OD 600 ) of 0.05 into 40 ml of medium containing the same NaCl concentrations as in the previous step, and the glucose concentration was increased to 20 mM. The cultures were incubated in 250-ml Erlenmeyer flasks at the same temperatures as previously. These steps ensured that the cells had been adapted to the desired salinity and temperature during the first growth cycle in K medium. For all cultures, doubling times were 0.79 to 0.96 h Ϫ1 (Table 1) . When the cells reached an OD 600 of 0.4 to 0.5 (about three doublings), 25 ml was added to a 2.5-ml mixture of cold 95% ethanol and 5% phenol to preserve RNA (51) . The cells were cooled rapidly on ice and immediately harvested by centrifugation (4°C), and the pellet was frozen on dry ice. The six different growth conditions used were as follows, C1, 30°C, no NaCl; C2, 30°C, 0.3 M NaCl; C3, 30°C, 0.3 M NaCl, 1 mM GB; C4, 43°C, no NaCl; C5, 43°C, 0.3 M NaCl; C6, 43°C, 0.3 M NaCl, 1 mM GB.
Microarray sample preparation. Total RNA was extracted by the hot phenolchloroform method (30) . cDNA synthesis, fragmentation, and labeling and washing and scanning of E. coli GeneChip arrays were performed according to the instructions of the manufacturer (Affymetrix, Inc.). Labeled cDNA was hybridized to an E. coli Genome 2 array (Affymetrix, Inc.). Independent array hybridizations were carried out for three biological replicates (independent cultures) of each condition (C1 to C6).
Microarray data analysis. Hybridization intensity data were obtained from the scanned array images, and all chips were normalized to the same average target intensity (1,500) in Affymetrix gene chip operating software. All nine possible interchip comparisons were carried out for each pair of conditions by using default gene chip operating software statistical parameters (␥1L ϭ ␥1H ϭ 0.002, ␥2L ϭ ␥2H ϭ 0.002667, perturbation ϭ 1.1). For each set of nine pairwise comparisons, a weighted mean of the signal log ratio (SLR, represents the log 2 of the ratio of probe signal intensities between two chips) was computed by using the one-step Tukey biweight estimate (33) . A similar approach was used to derive a consensus "detection P value." Default E. coli array P value cutoff parameters (␣1 ϭ 0.05, ␣2 ϭ 0.065) were applied to these consensus values to estimate the transcript presence under each condition. We eliminated from further consideration genes that were not present under any of the six conditions studied, as well as genes that were always expressed below 1/10 of the average array signal (1,500). These procedures produced a data set with 15 pairwise comparisons for 3,922 E. coli genes.
The filtered data set was imported into the Genesis microarray analysis software (version 1.6.2; [55] ) as previously described (30) . Euclidean distance was used as a measurement of gene profile similarity. K-means clustering and principal-component analysis were used to analyze the microarray data. Detailed explanations of these clustering algorithms can be found in references 47 and 48. Since in K-means clustering the number of clusters (K) into which the data set is partitioned needs to be user defined, we considered cluster partitions with K ϭ 15, 18, 20, and 25. We chose K ϭ 18 for further analysis because increasing the number of clusters did not result in any new cluster profiles (as judged by visual inspection of SLR averages); lowering the number of clusters below 18 led to the merging of two different cluster profiles into a single cluster. Since the K-means algorithm is not deterministic (i.e., it can produce slightly different results from the same data set in different runs due to random initialization of the clustering algorithm [48] ), we confirmed that the cluster profiles and the total number of genes in each cluster either remained unchanged (profiles) or changed little (cluster size) for multiple K-means runs.
Each of the 18 clusters was then classified depending on the profile of its response to heat and osmotic stresses and to the addition of GB. Designation of K clusters assigned as heat, osmolarity, or GB regulated was based on the average SLR of the genes in that particular cluster exceeding a minimum cutoff threshold of 1.5-fold for the corresponding effect. This cutoff value was chosen after manual examination of the average SLR values in each cluster and provided the best overall discrimination between clusters containing previously recognized "responsive" and "nonresponsive" genes. Note that we use a more stringent 2-fold cutoff criterion for the consideration of individual genes (instead of the 1.5-fold cutoff used for cluster averages) as being differentially expressed (18) . Cluster contents were exported into Excel and incorporated into an E. coli annotation file (15) for further biological interpretation. The complete data set has been deposited at the NCBI GEO database (record GSE7656) and is also available at http://www.med.wright.edu/bmb/op/papers/Osmo_Temp/.
Cell motility assays. Cell motility assays of E. coli K-12 NCM3722 were performed with M9 minimal medium supplemented with 0.2% glycerol and 0.2% agar. Bacteria were grown in M9 medium, and cells were diluted to an OD 600 of 0.2. A 5-l aliquot was subsequently spotted in the middle of each agar plate containing a different salt concentration (0.0 M, 0.3 M, or 0.6 M NaCl). Plates were incubated for 72 h at different temperatures (30°C, 41°C, 42°C, and 43°C) and then inspected for cell migration. The incubator temperature was confirmed with a second thermometer; to avoid temperature shifts during experiments, the incubator was not opened until the plates were ready for inspection.
E. coli oxidative-stress regulon. A list of oxidative-stress response genes was compiled by using the corresponding gene lists from (i) the EcoCyc database (http://ecocyc.org/) and (ii) the GenProtEC MultiFun E. coli protein functional classification (http://genprotec.mbl.edu/) and (iii) a hydrogen peroxide-responsive gene list from Zheng et al. (68) .
RESULTS
Growth conditions and data analysis. We determined the global transcriptome of E. coli strain K-12 growing at low osmolarity (in K medium) or at moderately high osmolarity (in K medium containing 0.3 M NaCl) at moderately low (30°C) and moderately high (43°C) temperatures. We also investigated the effects of the osmoprotectant compound GB on the a Data are shown as the arithmetic mean Ϯ the standard deviation (n ϭ 4).
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E. coli transcriptome in K medium augmented with 0.3 M NaCl at both temperatures. These combinations of osmolarity and temperature were used because the cells grew at similar rates under all conditions (Table 1 ) and because 0.3 M NaCl is sufficient for maximal induction of thermotolerance (24) . The uniformity of growth rates was important to ensure that the transcriptional responses we observed were due to osmotic or temperature-dependent regulation of gene expression rather than to growth rate-dependent effects (30) . It should be emphasized that our experiments were carried out with exponentially growing cells that had been adapted to high or low osmolarity and high or low temperature for at least 12 generations, and thus the cells experienced continuous osmotic and/or heat stresses. Other studies addressed the acute transcriptional responses of E. coli 9 min (63) or 20 min (64) after osmotic shock or 7 min after high-temperature shock (45) . Consequently, the changes in gene expression that were observed in these other studies could include (i) acute responses to the environmental shifts that may not persist after the cells have adapted to the new conditions and (ii) responses to the growth rate transition during shock that may be absent under steady-state conditions (4, 44) . We used Affymetrix E. coli Genome v2 arrays to obtain gene expression profiles for all samples. Cluster analysis (30, 31) was used to identify groups of differentially expressed genes with similar expression profiles. Figure 1 shows a distribution of all genes into 18 clusters by a K-means algorithm (31, 55) . Each cluster displays the expression profiles of all of the genes in that cluster across 15 pairwise comparisons as described in the figure legend. The clusters were color coded depending on their expression profiles; the designation of clusters and the response of cluster genes to osmotic and heat stresses and to the presence of GB are shown in Table 2 . For example, cluster 4 (CL4) was designated as "overexpressed under osmotic stress only" because the genes in this cluster were consistently upregulated in all pairwise comparisons in which the osmolarity of the medium was a variable (0.3 versus 0.0 M NaCl), irrespective of the temperature or the presence or absence of GB. Because the genes in this cluster, on average, showed little differences in expression at different temperatures or in the presence or absence of GB at constant osmolarity, they were not considered to consistently respond to the differences in temperature or to the presence of GB. A similar approach was used to assign responses to all other clusters (Table 2) .
Overall, 3 out 18 clusters, which accounted for 36% of the genome, contained genes that did not show significant variation in their expression level in any of the comparisons (Fig. 1) . Included among these were the potassium transporter genes trkG (b1363), trkA (b3290), trkH (b3849), and kup (ϭ trkD, b3747), which have been shown previously to be constitutively expressed in E. coli (7) . As expected, the expression of a considerable number of genes was influenced by temperature and/or osmolarity; the magnitude (n-fold change) of the transcriptional responses shown by the thermoregulated genes was similar to that exhibited by the osmotically controlled genes. However, there was a substantially larger number of genes responding specifically to heat stress (six clusters) than exclusively to osmotic stress (one cluster) (Fig. 1) . A number of clusters contained genes that responded to both stresses. We confirmed general partitioning of the genes into K-means clusters by visualizing the positioning of the genes in the PCA 3D space (see supplemental figure at http://www.med.wright.edu /bmb/op/papers/Osmo_Temp/). We chose six of the K clusters with the largest expression changes for further analysis of their genes (Table 2) .
Transcriptional response to osmotic stress. Cluster 4 (CL4, Fig. 1 ) represented seven genes that were highly up-regulated by osmotic stress but did not respond to heat stress alone. Members of two operons participating in the osmotic-stressstimulated uptake of GB/proline (proU, b2677 to b2679) and K ϩ (kdpFABC, b4513 and b0696 to b0698) were in this cluster. All three genes of the proU operon (proV, proW, and proX) were in this cluster and showed a Ն16-fold average increase in expression in response to 0.3 M NaCl at 30 or 43°C. The expression of kdpA, the only gene of the kdpFABC operon in this cluster, increased about sevenfold when cells were grown in the presence of 0.3 M NaCl. The other genes of this operon, kdpB and kdpC (the array contains no probes for the kdpF [b4513] gene), were also up-regulated by salt stress (Ͼ2.5-fold) but were partitioned into cluster 17. ProP (b4111), a second transporter for proline/GB, was only slightly overexpressed under osmotic stress (up to 1.6-fold). In addition, a hypothetical protein (encoded by yrbL [b3207], identified as a member of the Mg 2ϩ stimulon [40] ), a putative ATP-binding protein (bax, b3570), and a small RNA gene (rybA, b4416) were part of cluster 4 and can be considered candidates for new osmoticstress-regulated genes. It is notable that bax overexpression was also a part of the early response to osmotic upshift (63) .
Transcriptional response to heat stress. We considered three clusters of genes showing the largest responses to continuous heat stress (CL6, CL14, CL15; Fig. 1 and Table 2 ). Cluster 14 comprised 51 genes that were highly up-regulated under heat stress (at least fourfold induction). This cluster contained several known chaperones and HSPs, such as ClpB and IbpB. Other well-studied heat shock proteins, DnaK, DnaJ, GrpE, GroEL, and GroES, were also up-regulated by the continuous heat stress. However, the magnitude of such up-regulation was not as great as when cells were subjected to a transient heat shock (45) and therefore these genes were partitioned into cluster 7 (DnaJ was in cluster 17), representing genes modestly up-regulated (1.6-fold) by heat stress (Fig. 1) . In addition, high temperature up-regulated (about fivefold) several genes involved in sulfur metabolism, including the cysHIJ (b2762 to b2764), cysND (b2751 and b2752), cysA (b2422), and cysP (b2425) genes. The cysD and cysN genes encode sulfate adenylyltransferase, which converts intracellular sulfate to adenosine 5Ј-phosphosulfate and 3Ј-phosphoadenylyl-sulfate. Two genes in the cysteine and methionine degradation pathways (metC [b3008] and tnaA [b3708]) were down-regulated at high temperature. Both 5Ј-phosphosulfate and 3Ј-phosphoadenylyl-sulfate are known to play important roles in the thermotolerance of Saccharomyces cerevisiae (36), as is methionine in E. coli (26) . Cysteine is also a precursor of glutathione and is an important constituent of the antioxidant defense systems (8, 62) . Nineteen genes in cluster 14 ( Fig. 1) encoded proteins of unknown function.
Clusters 6 and 15 (CL6 and CL15, Fig. 1 ) contained genes that were considerably down-regulated by high temperature and showed little or no response to continuous osmotic stress. Cluster 15 contained 39 genes that were the most highly down-regulated genes (10-fold on average) in response to heat stress. Almost all of the genes in this cluster (a total of 35) are involved in flagellar biosynthesis or chemotaxis. The fliA gene, which encodes the transcriptional activator for the class III flagellar genes, was down-regulated Ͼ150-fold by heat stress. Most of the flagellar and chemotaxis genes missing from cluster 15 were in cluster 6 (CL6, Fig. 1 ; heat stress down-regulated by about 4.5-fold).
Genes responding to both stresses. Two clusters (CL2 and CL11, Fig. 1 and Table 2 ) showed transcriptional responses to both persistent stresses. Cluster 11 (CL11, Fig. 1 ) contained 29 genes whose expression was down-regulated by continuous osmotic stress but was up-regulated under continuous heat stress. Several acid resistance genes (gadA [b3517], gadB [b1493], hdeAB [b3509 and b3510], and hdeD [b3511]) were in this cluster. Cluster 2 comprised 25 genes that were down-regulated under both stresses. Genes coding for the catabolism of the polyamine putrescine (puuR, puuB, puuC, puuD, and puuE [b1298 to b1302]) were in this cluster. The putrescine transporter gene puuP (b1296) did not show any changes in its expression in any of the comparisons. Putrescine was implicated in the regulation of RpoS protein translation and stability (61) , in the early phase of adaptation to hyperosmotic shock (60) , and in the response to temperature stress (59). It was also Lines are colored as follows, according to the response of the genes in each cluster to osmotic and/or heat stresses, and/or to the presence of GB in the medium: yellow, genes responding to heat stress only; green, osmotic stress only; blue, osmotic and heat stresses; purple, presence of GB; teal, osmotic and heat stresses and presence of GB; black, no difference. The designation of each cluster is also shown in Table 2 . The red/pink line in each cluster designates the centroid. Comparisons represent growth condition differences as follows (from left to right): 1, salt concentration; 2, salt and GB; 3, temperature; 4, salt and temperature; 5, salt, temperature, and GB; 6, presence of GB; 7, salt, temperature, and GB; 8, temperature and GB; 9, temperature; 10, salt and temperature; 11, temperature; 12, temperature and GB; 13, salt; 14, salt and GB; 15, presence of GB.
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shown recently that putrescine protects E. coli against oxidative stress (58) . In E. coli, this divalent cation, which is a major counterion for the negatively charged nucleic acids in cells grown at low osmolarity, is excreted rapidly upon a hyperosmotic shock; the exchange of one molecule of putrescine for two K ϩ ions enables the cells to balance the anionic charge of macromolecules and at the same time to increase the internal cellular osmolarity (43) . The decrease in the internal putrescine pool at high osmolarity might be the regulatory signal for the down-regulation of the puu genes.
The cusCF genes (b0572 and b0573) of the cusCFBA operon, which encodes a copper-transporting efflux system, were down-regulated sixfold under both continuous stresses. The cusB and cusA genes, which were also down-regulated at least twofold by both stress conditions, are part of cluster 18 (CL18, Fig. 1 ). Copper is a cofactor for several enzymes, including copper-zinc superoxide dismutase (encoded by sodC [b1646]), which protects cells against free radicals generated from oxidative stress (28) . In our comparisons, copper-zinc superoxide dismutase increased over twofold due to heat and osmotic stress, in agreement with the down-regulation of the copper efflux system.
Cross-regulation of osmotic and temperature adaptation. In order to assess whether the increase in thermotolerance that is conferred by high osmolarity might be due to an osmotic control of genes that have thermoprotective functions, we examined E. coli gene expression in the presence of continuous osmotic stress at low and high temperatures and at high temperature in the presence of low and high salt concentrations. A vast number of genes showing mRNA expression differences in these comparisons were of unknown or putative function, but there was also a number of interesting genes with known function in this category. The otsAB genes (b1896 and b1897), which encode enzymes of biosynthesis of trehalose from glucose-6-phosphate and UDP-glucose, were induced under both stresses. Induction of these two genes was higher when cells were exposed to both continuous stresses simultaneously than when they were exposed to one stress, in accord with similar observations made with an otsA-lacZ reporter fusion in S. enterica serovar Typhimurium (10) . The transcription of the sufABCDSE (b1679 to b1684) operon, which encodes the alternative Fe-S cluster assembly system in E. coli that is known to protect cells from oxidative damage (37) , was up-regulated under combined stress conditions but not when cells were exposed to a single continuous stress.
We found that the betIBA genes (b0311 to b0313), which specify the enzymes for the conversion of choline to GB, were induced by heat stress (two-to fourfold) but not by high osmolarity, whereas the GB transport system (ProU) was induced only under osmotic stress (see above). The expression of the betI and betB genes was found to be down-regulated about fivefold at 16°C compared to 37°C in a previous study (23) . Both the betIBA and proU systems were up-regulated when cells were subjected to both stresses simultaneously. Note that choline cannot be synthesized by E. coli and thus is only potentially available to cells from the environment (choline was not added to K medium). This difference in the regulation of betAB and proU may represent an interesting case of two different strategies cells seem to use to acquire GB (9) . The preference of transport over synthesis under osmotic-stress conditions might relate to the fact that GB is present in the environment of high osmolarity that E. coli cells are likely to encounter in vivo-human and animal urine (with an osmolarity of up to 1,400 mosmol/kg [13] ).
Cell motility under heat and osmotic stresses. As described above, we observed substantial down-regulation of the genes of the motility and chemotaxis regulon (MCR) under continuous heat stress. There was no significant change in the expression of these genes when cells were subjected to continuous osmotic stress. We showed previously that MCR genes are repressed under poor growth conditions and upon nitrogen and sulfur downshifts (31) . Down-regulation of most of the genes of this regulon was also observed for Bacillus subtilis growing with 1.2 M NaCl (52), although only several genes in this set were found to be down-regulated in E. coli during the initial phase of adaptation to heat (45) and osmotic shocks (14) . Therefore, we sought to corroborate the apparent differences in MCR gene expression under continuous heat and osmotic stresses by agar motility assays (Fig. 2) . The motility of E. coli was strongly impaired at 43°C (Fig. 2F) compared to 30°C (Fig. 2A) , consistent with the results of the microarray experiments. Cell growth, as judged by colony size on agar plates and by growth rates of cultures in liquid medium, was not affected at 43°C (data not shown). Motility on soft agar plates was only partially inhibited by 0.3 M NaCl (Fig. 2B) . Cell motility in medium with 0.6 M NaCl was completely abolished (Fig. 2C) ; cell proliferation was also impaired (data not shown).
Comparison of the acute and chronic responses of E. coli to heat and osmotic stresses. The transient transcriptional responses of E. coli to osmotic and heat shocks have been addressed in several previous studies. Weber and Jung (63) pro- a The numbering of K-means clusters corresponds to that in Fig. 1 . Vertical arrows represent up-or down-regulation of genes in a particular cluster due to heat stress, osmotic stress, or addition of GB. To assign transcriptional responses to each cluster, numerical criteria were used as described in Materials and Methods. Numbers of arrows approximate the magnitude of up-or down-regulation as follows: three arrows, at least a 3-fold average difference; two arrows, 2-to 3-fold difference; one arrow, 1.5-to 2-fold difference. A dash represents no difference in the transcriptional response.
filed E. coli gene expression 9 min after osmotic shock imposed with 0.4 M NaCl in minimal medium; Richmond and colleagues (45) examined the effects of heat shock on E. coli 7 min after a temperature shift from 37 to 50°C. There was only a weak concordance between the results of the previous acute heat shock studies and our chronic heat stress experiments. The majority of the proteins that were induced Ͼ30-fold after the heat shock were only slightly overexpressed (up to 3-fold) when cells were continuously grown at the elevated temperature (43°C). Some heat shock regulon genes, such as clpA (b0882), clpP (b0437), clpX (b0438), and lon (b0439), were not induced at all under the long-term heat stress. These results are in agreement with the original work carried out by Straus et al. (54) , who found that mRNA levels for the E. coli HSPs increased rapidly for the first 4 min following heat shock and then decreased and settled at a new steady state. One exception to this trend was the hchA gene (ϭ yedU; b1967) coding for the Hsp31 chaperone. The mRNA level for this gene was more than 30-fold higher under heat shock (45) and was upregulated by about 19-fold in cells growing continuously at 43°C. The Hsp31 protein was proposed to be a holding chaperone that captures early unfolding intermediates under conditions of severe stress and releases them when cells return to physiological conditions (41) . Among the genes down-regulated by heat, we noted that only a few MCR members were repressed in the study of Richmond et al., whereas the complete regulon was down-regulated in our experiments. As detailed in Materials and Methods, there are genetic differences between E. coli K-12 strains NCM3722 (motile; used in this study) and MG1655 (expresses flagella poorly; used by Richmond et al.) that could account for the differences between our experimental observations (31, 51) .
Several genes known to be involved in the adaptation to high osmolarity (proU operon, proP, otsAB, osmC, osmY) were upregulated both by the acute osmotic shock in the studies of Weber and Jung and by chronic osmotic stress in our experiments. As mentioned earlier, bax (b3570) was also overexpressed as part of both the transient and long-term responses to osmotic stress. However, a total of 11 genes of unknown and putative function that were classified as being overexpressed during the initial phase of adaptation to osmotic shock were not differentially expressed under continuous osmotic stress. There was also poor agreement between genes that were found to be down-regulated 9 min after the osmotic shock and those that were repressed during the long-term osmotic stress. Many of the transiently down-regulated genes are genes that encode ribosomal proteins, proteins that participate in energy metabolism (nuo, atp, sdhCD), and genes responsible for cell proliferation (fts, prfB, priB) (63) . It is possible that their downregulation was the consequence of the temporary growth arrest after the osmotic shock, whereas there was little difference in the growth rates of E. coli cultures growing exponentially in K medium and K medium containing 0.3 M NaCl ( Table 1) .
Effect of GB on gene expression under continuous osmotic stress. GB is one of the most potent osmoprotectants that can alleviate the inhibitory effects of high osmolarity. However, surprisingly, this compound blocks the ability of high osmolarity to increase thermotolerance and oxidative-stress resistance in S. enterica serovar Typhimurium (25) and other pathogenic or laboratory strains of Enterobacteriaceae (L. N. Csonka, unpublished data). It has been proposed that K ϩ is the intracellular signal that triggers the induction of most of the osmotically controlled operons (22, 56) , and because GB reduces the accumulation of K ϩ , glutamate, and trehalose (12), it has been suggested that augmentation with GB would dampen the induction of the osmoregulatory response. In order to test the latter prediction, we determined the effect of GB on gene expression under continuous osmotic stress. Supplementation of the high-osmolarity medium with GB repressed a total of 84 genes: 11 at 30°C and 80 at 43°C, of which 7 were downregulated at both temperatures (with a twofold change as the cutoff for these comparisons; see gene lists at http://www.med .wright.edu/bmb/op/papers/Osmo_Temp/). Supplementation of the high-osmolarity medium with GB also induced a total of 157 genes: 38 at 30°C and 119 at 43°C, with 10 being up-regulated at both temperatures.
The genes of the proU operon (proVWX, b2677 to b2679) and the otsAB operon (b1896 and b1897), which encode a transport system for the osmoprotectant GB and the biosynthetic enzymes for trehalose, respectively, were down-regulated in the presence of GB; however, the effect was not strong (1.2-to 2.1-fold). Genes of the osmotically inducible potassium transport system kdpABC (b0696 to b0698) were only slightly (1.2-to 1.6-fold) down-regulated in GB-supplemented medium. The levels of the proVWX and kdpABC genes (but not those of otsAB) were still higher in K medium with 0.3 M NaCl and 1 mM GB than when cells were grown in unsupplemented K medium.
The katE gene (b1732), which encodes catalase III, was one of the genes repressed by GB in the high-osmolarity medium. This response could contribute to the reversal of the protection afforded by high osmolarity against oxidative stress (24, 25) . The expression of the katE gene is mediated by RpoS, but other genes of the RpoS regulon were not repressed by GB. Surprisingly, supplementation of the high-osmolarity medium with GB at high temperature elevated the expression of several DNA repair genes, including umuDC (b1183 and b1184) (mutagenic repair pathway), dinI (b1061) and dinD (b3645) (encode damage-inducible proteins), and ykfG (b0247) (encodes a FIG. 2. Cell motility of E. coli NCM3722 at different temperatures and osmotic contents of the medium. A, 30°C, no NaCl; B, 30°C, 0.3 M NaCl; C, 30°C, 0.6 M NaCl; D, 41°C, no NaCl; E, 42°C, no NaCl; F, 43°C, no NaCl.
VOL. 190, 2008 TRANSCRIPTIONAL RESPONSES OF E. COLI TO STRESSES 3717
DNA damage repair protein). These results suggest that the combination of high temperature, high osmolarity, and GB might increase DNA damage. The stimulus for this response could be the accumulation of reactive oxygen species (ROS) and the resultant increase in DNA damage, which in turn might be due to the down-regulation of katE that we observed. Induction of oxidative-stress-responsive genes under continuous osmotic and heat stresses. We found that a number of genes participating in a defense against oxidative damage responded to continuous osmotic and/or heat stresses. These included sodC (superoxide dismutase), katE (catalase), osmC (b1482; peroxidase), puu genes (putrescine catabolism), and cusCFBA (copper efflux system). To investigate this further, we compiled a list of 83 known and predicted oxidative-stressresponsive genes by using several sources of information as described in Materials and Methods, and we considered the responses of these genes to osmotic stress, heat stress, or both stresses combined. Genes of the oxidative-stress regulon that showed at least a twofold change in expression upon continuous heat and/or osmotic stress were considered to be crossregulated by one or both of these latter stresses (Fig. 3) . The set of genes that showed elevated expression under our two stress conditions included SoxRS-regulated, as well as OxyRregulated, genes (53) . SoxS, which is the direct transcriptional activator of most of the genes in the SoxRS regulon (19) , was induced under each stress (though only 1.9-fold by heat stress); OxyR, which is activated at the protein level by H 2 O 2 -mediated oxidation (53), was not transcriptionally induced. Two genes, katE and osmC, were induced under all three conditions (osmotic stress, heat stress, and a combination of both stresses). The grxB gene (b1064) had a 1.8-fold induction under each stress and was up-regulated 2.7-fold by a combination of both stresses; soxS (b4062) was induced 3-fold by osmotic stress, 1.9-fold by heat stress, and 2.4-fold by a combination of the two stresses. Nine genes were induced by one stress and by the two stresses combined; these included the acnA (aconitase A; b1276), bfr (bacterioferritin; b3336), ibpA (heat shock chaperone; b3687), and degP (heat shock serine protease; b0161) genes (49) . Proteomic studies confirmed that the Dps, KatE, AcnA, and OsmC proteins were induced during the initial phase of osmotic adaptation (64) . A number of genes, including the sufABCDSE operon (b1679 to b1684; encodes components of a secondary pathway of iron-sulfur cluster assembly), were induced when both stresses were applied but not by one stress only (Fig. 3) . In summary, a total of 26 genes of the oxidative regulon were up-regulated by at least one of the stresses or by their combination.
DISCUSSION
In order to probe the mechanism of the osmotic stimulation of thermotolerance and oxidative-stress resistance in E. coli, we determined the effects of moderately high osmolarity and moderately high temperature on the transcriptional profiles of E. coli. Our most important novel finding was the discovery that osmotic stress and high temperature, individually or in combination, induced at least 26 genes of the oxidative-stress regulon. The induction of the members of this regulon could directly account for the increase in the oxidative-stress tolerance of E. coli challenged with high osmolarity and may also explain the cross-protection between osmotic and heat stresses, as we discuss below.
There are several lines of evidence in the literature suggesting that both elevated temperature and osmotic stress can lead to oxidative damage. High temperature stimulated the production of free radicals in cells (6, 38, 42) , and hyperthermia increased oxidative stress in humans (39) . Salinity stress has been shown to enhance the production of ROS in plants (50) and animals (20, 35) through membrane damage resulting in a dysfunction in electron transport (50) . Bacteria produce trehalose in response to osmotic stress, and the accumulation of this compound in media of high osmolarity is further stimulated by high temperature (10) . However, the levels of trehalose are too low to make a substantial contribution to the cytoplasmic osmolarity, suggesting that it is unlikely to function as an osmoregulatory solute (10) . However, it has been suggested that trehalose is an antioxidant (5), and therefore a major role for this disaccharide could be to provide protection against oxidative radicals produced in cells that are challenged with osmotic or heat stress.
Though exposure to high osmolarity enhances the thermotolerance of bacteria, we did not uncover genes with a recognizable thermoprotective function that were induced by high osmolarity at 30 or 43°C. This result could mean that the thermoprotective effect of elevated osmolarity is mediated either by proteins whose thermoprotective function is not obvious or by a collection of weakly induced proteins or that the regulation is exerted posttranscriptionally. However, because the production and chemical reactivity of ROS are enhanced with increasing temperature (6, 38, 42) , it is possible that excessive oxidative damage is an important contributing factor in the impairment of growth or viability at elevated temperatures. Thus, by mitigating the deleterious effects of ROS, the osmotic induction of the members of the oxidative-stress regulon may also confer increased resistance to high-temperature stress. Osmotic and/or heat stress can serve as a direct inducer of the FIG. 3 . Responses of genes of the oxidative-stress regulon to osmotic and heat stresses. The Venn diagram indicates genes that showed at least twofold overexpression under a single stress or under a combination of both stresses. There were no genes that were upregulated under both individual osmotic and heat stresses but not when both stresses were applied simultaneously.
oxidative-stress-related genes, or the induction is an indirect consequence of the production of ROS under these conditions. This hypothesis is consistent with the suicide response model of Aldsworth and Dodd (1, 21) , which postulates that when actively growing cells are subjected to environmental stress, they produce an excess of free radicals inside cells. The model is supported by two recent studies which demonstrated that a set of common environmental response genes, which were up-regulated under a variety of stressful conditions, included representatives involved in defense against oxidative damage (11, 27) .
The second goal of our study was to elucidate the effect of GB on E. coli gene expression under osmotic and heat stresses. GB is one of the most potent osmoprotectants for E. coli, and its presence in the medium not only allows cells to better survive hyperosmotic conditions but it also reduces the accumulation of K ϩ , glutamate, and trehalose (12) . Although we found a number of genes that were down-regulated upon the addition of GB to the high-osmolarity medium, we did not see an across-the-board repression of osmotically controlled genes by this osmoprotectant. The model in which K ϩ is the global regulatory signal of the induction of osmotically controlled gene expression, coupled with the observation that GB decreases the accumulation of K ϩ (12), predicted that GB should dampen the induction of all of the osmoregulatory responses (22, 56) . Our data do not corroborate this theory.
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